I ron (Fe) is a key micronutrient that is required for the growth of all organisms and fulfils numerous biochemical roles. In plants, iron is essential for various cellular processes, such as respiration and chlorophyll biosynthesis, and it serves as a cofactor for many enzymes involved in electron-transfer or oxygen-transfer processes, such as cytochrome P450s (CYPs) and 2-oxoglutarate-dependent dioxygenases (2-ODDs) 1,2 .
wild-type plants, show severe symptoms of iron deficiency when iron is supplied in an insoluble form 15, [18] [19] [20] . Catecholic coumarins can potentially contribute to iron acquisition through two mechanisms: solubilization of ferric iron precipitates and reduction of Fe(iii) to Fe(ii) for direct import 23 . However, according to reports to date, the two known natural catecholic coumarins found in the exudates of iron-deficient wild-type plants, esculetin and fraxetin, have been found to be produced at insufficient levels to explain the iron deficiency of f6′ h1 and pdr9 plants, whereas scopoletin, lacking a catechol motif, is incapable of iron chelate formation or reduction 18, 19 . Scopoletin has been suggested to be further oxidized to catecholic coumarins, perhaps in the rhizosphere 18, 19 .
Here, we describe the identification of a previously undescribed catecholic coumarin, termed sideretin (5,7,8-trihydroxy-6methoxycoumarin) , produced by A. thaliana. We show that sideretin is the major coumarin exuded into the rhizosphere in response to iron deficiency under acidic conditions, whereas alkaline conditions stimulate the exudation of less-oxidized coumarins such as fraxetin. Fraxetin and sideretin are biosynthesized from scopoletin by two hydroxylases: a 2-ODD (S8H), which generates fraxetin, and a CYP enzyme (CYP82C4), which further oxidizes fraxetin to generate sideretin. Both sideretin and fraxetin efficiently mobilize and reduce insoluble Fe(iii), and rescue the chlorotic phenotypes of susceptible mutants and wild-type plants grown under conditions of low iron availability. We also show that the sideretin biosynthetic pathway arose early during angiosperm evolution but appears to have been lost in various lineages. Interestingly, several strategy I plants that do not produce catecholic coumarins exude structurally distinct redox-active molecules under iron deficiency. Together, these data suggest that exudation of various redox-active and/or iron-binding small molecules into the rhizosphere is a key component of iron acquisition in plants.
in A. thaliana plants under iron deficiency, we carried out comparative metabolomic studies of Columbia-0 (Col-0)-ecotype seedlings grown hydroponically under iron-abundant and iron-depleted conditions at pH 5.7. In our setup, seeds were germinated on a buoyant polytetrafluoroethylene (PTFE) mesh floating on liquid medium. This cultivation method allowed for axenic growth, easy separation of root and aerial tissue, and collection of spent medium without injuring the roots, thus avoiding spurious observation of naturally root-confined metabolites in the medium. Comparative analysis of spent-medium methanolic extracts of 12-day-old Col-0 seedlings by HPLC-ESI-MS revealed two UV-active peaks (1 and 2 ) that strongly accumulated under iron-depleted conditions (Fig. 1a) . The corresponding m/z [M+H] + values of 223.0237 and 225.0394 were consistent with neutral-compound molecular formulas of C 10 H 6 O 6 (1 ) and C 10 H 8 O 6 (2 ), respectively. Compound 2 differs from scopoletin, the primary coumarin present in A. thaliana roots, by two additional hydroxylations, whereas 1 is the dehydrogenated counterpart of 2 . We observed only trace quantities of the known coumarins scopoletin, fraxetin, and esculetin in Col-0 exudates ( Supplementary Fig. 1a ). Notably, m/z = 225.0394 has been detected as a highly induced signal in root exudates under iron deficiency in previous MS-based metabolomic studies [18] [19] [20] , but neither the structure nor the importance of this metabolite has been elucidated. In root tissues grown under iron-depleted conditions, we primarily observed accumulation of mass signals corresponding to the glucosides of 1 ( Supplementary Figs. 1b and 2 ), whereas no substantial metabolic differences were found between iron-sufficient and irondeficient aerial tissues through our reverse-phase liquid chromatography analysis method.
We postulated that compound 2 represents a doubly hydroxylated analog of scopoletin with a catechol moiety, and 1 is the corresponding quinone. Because we could not easily obtain sufficient amounts of these compounds for structural characterization directly from spent medium, we chose instead to profile various T-DNA-insertion lines potentially deficient in biosynthesis of these compounds, to gain clues about their structures. First, we profiled knockout lines of feruloyl-CoA 6′ -hydroxylase 1 (F6′ H1), the enzyme responsible for scopoletin biosynthesis in A. thaliana 21 . A complete absence of both compounds as well as other prominent UV-active peaks in the medium of f6′ h1 lines grown under irondepleted conditions demonstrated that they were indeed scopoletin derived ( Fig. 1a ). Next, we sought to identify biosynthetic enzymes responsible for the oxidation of scopoletin. One strong candidate was CYP82C4 (At4g31940), which encodes a CYP enzyme whose expression is upregulated by iron deficiency and correlates with that of the Fe(ii) root importer IRT1 under various abiotic-stress conditions 24 (Supplementary Fig. 3 ). Furthermore, CYP82C4 has been shown to hydroxylate 8-methoxypsoralen, a furanocoumarin structurally similar to scopoletin 25 . We therefore obtained two independent cyp82C4 T-DNA-insertion lines for profiling. Quantitative PCR (qPCR) analysis confirmed that CYP82C4 expression in roots was strongly induced under iron deficiency but was abolished in these T-DNA lines ( Supplementary Fig. 4a ). Metabolomic profiling under iron-depleted conditions further showed that both 1 and 2 were absent from the root exudates of these lines. However, in contrast to the results for f6′ h1, another prominent UV-active peak (3 ) was observed in cyp82C4 spent medium, with m/z [M+ H] + = 209.0444, corresponding to C 10 H 8 O 5 . On the basis of comparison with an authentic standard, this compound was identified as fraxetin (8-hydroxyscopoletin, 3 ) ( Fig. 1a ). Therefore, we suspected that fraxetin might be the direct precursor of compounds 1 and 2 . To further test this hypothesis, we expressed CYP82C4 in yeast and incubated the microsomal fraction with fraxetin and NADPH. As expected, we observed in vitro formation of compounds identical to Col-0-derived 1 and 2 ( Supplementary Fig. 5a ). Together, these data indicated that CYP82C4 is responsible for the final step in the biosynthetic pathway leading to formation of 1 and 2 from scopoletin. Interestingly, cyp82C4 spent medium contained additional UV-active peaks corresponding to nonspecific cycloaddition products of fraxetin with coniferyl and sinapyl alcohols (also referred to as 'cleomiscosins' 26 ; Supplementary Fig. 6 ).
On the basis of the known activity of CYP82C4 as an 8-methoxypsoralen 5-hydroxylase 25 , we inferred that it is likely to hydroxylate fraxetin at the structurally analogous position, thus yielding a novel coumarin herein termed sideretin (5-hydroxyfraxetin) . We synthesized sideretin from fraxetin by using a phthaloyl peroxide-mediated hydroxylation strategy 27 (Supplementary Fig. 7 ) and confirmed its identity to 2 ( Supplementary Fig. 5b ). Sideretin readily oxidized (for example, upon exposure to air or during column chromatography), thus yielding 1 , which corresponded to the quinone analog ( Supplementary Fig. 8 ), and can be rereduced to the hydroquinone after treatment with H 2 over palladium.
To complete the biosynthetic pathway of sideretin, we sought an enzyme with scopoletin 8-hydroxylase (S8H) activity. By searching publicly available transcriptome data, we identified At3g12900, a gene encoding a 2-ODD, which is coexpressed with CYP82C4, is upregulated under iron deficiency ( Supplementary Fig. 3 ), and has 48% sequence identity to F6′ H1 at the amino acid level. We therefore obtained two independent T-DNA-insertion lines for functional analysis. Similarly to our results for CYP82C4, qPCR analysis confirmed that At3g12900 expression was strongly induced in irondeficient roots but was abolished in the two selected T-DNA lines ( Supplementary Fig. 4b ). In agreement with the proposed activity of this enzyme, we observed exudation of scopoletin (4 ) but no further oxidized coumarins in these lines ( Fig. 1a ). We attempted to express and purify At3g12900 protein in Escherichia coli and Nicotiana benthamiana for in vitro biochemical characterization but could not readily obtain active protein, evidently because of instability ( Supplementary Fig. 9 ).
In lieu of complete in vitro biochemical characterization, we attempted to reconstitute the proposed pathway in vivo by transiently expressing subsets of pathway enzymes in N. benthamiana and analyzing metabolite extracts through LC-MS ( Fig. 1b ). None of the pathway coumarins were present at detectable levels in N. benthamiana leaves expressing only the empty vector. However, expression of F6′ H1 resulted in accumulation of scopoletin ( Fig. 1b ). Notably, leaves expressing both F6′ H1 and At3g12900 proteins accumulated fraxetin but not scopoletin, thus further confirming that At3g12900 functions as a scopoletin 8-hydroxylase (S8H). Finally, expression of all three pathway enzymes led to accumulation of sideretin but no pathway intermediates, thereby further confirming the activity of CYP82C4 ( Fig. 1b ). Together, these data outlined the complete biosynthetic pathway of sideretin from feruloyl-CoA, a lignin precursor found ubiquitously in higher plants ( Fig. 1c ). Interestingly, expression of F6′ H1 also led to accumulation of esculetin (5 ), whose levels were not significantly affected by expression of downstream sideretin-pathway enzymes (Fig. 1b ). It was unclear whether esculetin arose in this case via demethylation of scopoletin or side activity of F6′ H1 on caffeoyl-CoA, although this latter activity has not been seen in vitro 21 .
Finally, we profiled the pdr9-2 mutant, which is known to be defective in export of various coumarins from the roots 18, 22 . The level of sideretin in spent medium for this mutant was approximately ten-fold lower than that for wild-type plants ( Fig. 1a and Supplementary Fig. 1a ), whereas levels of sideretin glucosides in the roots were significantly elevated (Supplementary Figs. 1b and 2), thus indicating that PDR9 is the principal sideretin root exporter.
Catecholic coumarins mobilize Fe(iii) in vitro.
The structure of sideretin is immediately suggestive of its function: catecholic compounds bind to the Fe 3+ ion, usually forming intensely colored complexes ( Supplementary Fig. 10 ), and they can reduce Fe(iii) to Fe(ii) and are therefore well suited for facilitating iron uptake in strategy I plants. The possibility that catecholic coumarins might be important for iron uptake in A. thaliana has been suggested previously, and f6′ h1 knockouts are known to be incapable of producing scopoletin (and therefore, as demonstrated herein, fraxetin and sideretin) and are notably impaired in their iron-uptake ability at elevated pH 19, 20 . We therefore hypothesized that sideretin is the major catecholic coumarin facilitating iron uptake from soil in A. thaliana. To explore this possibility, we performed a variety of chemical and biological assays with relevant coumarins and pathway mutants.
First, we compared the iron-mobilization characteristics of coumarins in vitro ( Fig. 2 ). Fraxetin and sideretin, but not scopoletin, efficiently solubilized iron from hydroxide precipitates ( Fig. 2a,b) . A kinetic Fe(iii)-reduction assay further demonstrated that the configuration of the catechol moiety and the presence of other substituents on the coumarin scaffold had substantial effects on Fe(iii)-reduction kinetics (Fig. 2c ). In particular, fraxetin reduced Fe(III) faster than did esculetin (5 ) and daphnetin (6 ) , both of which are catecholic coumarins but lack a methoxy substituent, and pyrocatechol (7 ) , which lacks the coumarin lactone. Sideretin, in turn, exhibited even faster initial kinetics, but 
Sideretin (oxidized form) (1) reduced less than the expected two equivalents of Fe(iii) under the conditions of our assay, possibly because of instability at higher pH ( Fig. 2c ). We also measured the redox potentials of fraxetin and sideretin through cyclic voltammetry ( Fig. 2d and Supplementary Fig. 11 ): the additional hydroxylation on sideretin lowered the reduction potential by 300 mV with respect to that of fraxetin ( Fig. 2d and Supplementary Fig. 11 ), in agreement with the observation that sideretin is readily oxidized upon exposure to air, whereas fraxetin is not ( Supplementary Fig. 8 ). In comparison to fraxetin and scopoletin, sideretin showed high sensitivity to Fig. 11 ) and the previously reported value of + 0.77 V (versus SHE) for Fe(iii) reduction (Fe 3+ + e -→ Fe 2+ ).
Fig. 1 | Metabolomics of t-DNa-insertion lines and heterologous gene expression reveal the sideretin biosynthetic pathway in
light ( Supplementary Fig. 12 ). Together, these data demonstrated that catecholic coumarins can, in general, solubilize and reduce Fe(iii), and that specific structural variations have substantial effects on the kinetic and thermodynamic parameters that govern overall iron mobilization capacity.
Catecholic coumarins mediate iron uptake in vivo.
To test the importance of the sideretin pathway in iron mobilization in vivo, we first investigated the localization of S8H and CYP82C4 expression. Similarly to that of F6′ H1 (ref. 19 ), the iron-deficiency-dependent upregulation of S8H and CYP82C4 was mainly confined to roots, where the promoter activity of either gene was detected along the primary root and lateral roots, except for the apical root zones ( Supplementary Fig. 13a,c) . At the cell-type-specific level, both S8H and CYP82C4 were expressed most strongly in the root epidermal layer under iron-deficient conditions ( Supplementary Fig. 13b,d ), in agreement with their function in biosynthesizing a compound secreted into the rhizosphere. Notably, F6′H1 is also expressed in the cortex 19 , thus suggesting that the conversion of F6′H1-generated scopoletin into fraxetin and sideretin takes place mainly in epidermal cells. Next, we compared the growth of wild-type plants and various pathway mutants, as well as several other lines known to be impaired in aspects of iron uptake. Owing to the photosensitivity of sideretin ( Supplementary Fig. 12 ), we initially performed our phenotypic characterization in peat-based soil substrate. In unmodified soil (pH 5.5), sideretin-pathway mutants (f6′h1, s8h, and cyp82C4) and the exporter mutant pdr9-2 showed no significant differences from wild-type seedlings in their appearance ( Fig. 3a) , chlorophyll ( Fig. 3b ), or iron concentrations ( Fig. 3c ). In contrast, when these plants were grown in soil in which iron availability was decreased by adjustment of the pH to 7.2 with calcium carbonate and bicarbonate, f6′h1-1, pdr9-2, and s8h lines were visibly more chlorotic and stunted (Fig. 3a) , and had significantly lower chlorophyll ( Fig. 3b ) and iron concentrations ( Fig. 3c ). Unexpectedly, the growth of cyp82C4 lines was not impaired under high-pH conditions and in fact appeared more robust than that of wild-type plants, at least in terms of biomass ( Supplementary Fig. 14) . Similar results were obtained on agar-plate experiments with FeCl 3 as the sole iron source, except that the f6′h1-1 line showed mild chlorosis even at pH 5.5 ( Supplementary Fig. 15 ). To rule out the possibility that exudation of scopoletin alone might be capable of mediating iron uptake, we tested whether we could complement the phenotypes of f6′h1 and s8h seedlings grown on agar by exogenous addition of various coumarins. We found that fraxetin and sideretin rescued chlorosis in both f6′h1-1 and s8h seedlings, whereas scopoletin rescued f6′h1-1 but not s8h seedlings ( Fig. 3d,e ). Thus, whereas externally supplied scopoletin can be further processed to catecholic coumarins in f6′h1-1, this processing cannot occur in s8h lines, and scopoletin alone cannot reverse the phenotype, even when it is abundant. Together, these results provide direct evidence of the importance of catecholic-compound secretion into the rhizosphere in iron mobilization. Interestingly, our data suggested that CYP82C4-mediated conversion of fraxetin to sideretin may actually be maladaptive for iron uptake at high pH: sideretin is apparently a poorer iron-mobilization agent than fraxetin at higher pH (Fig. 2) , and it may not form stable complexes with Fe(iii) ( Supplementary Fig. 10 ). Moreover, cyp82C4knockout lines slightly outperformed wild-type plants in certain respects under high-pH growth conditions ( Fig. 3c and Supplementary  Figs. 14 and 15b ,c). Given these observations, we decided to compare the exuded-coumarin profiles of iron-deficient plants grown at pH 5.7 and pH 7.3 in our hydroponic setup. We found that, at pH 7.3, although sideretin was still the major exuded coumarin in Col-0 plants, substantial amounts of fraxetin, esculetin, and cleomiscosins also accumulated. This result was in strong contrast to those for the exudates collected at pH 5.7, in which only negligible amounts of coumarins other than sideretin were detected ( Supplementary  Fig. 16 ). This observation suggested that the composition of root exudates of A. thaliana responds not only to iron nutritional status but also to soil pH.
Various redox-active molecules are secreted by eudicots. Finally, to explore the phylogenetic distribution of the sideretin pathway, we used two strategies to identify putative orthologs of the three A. thaliana sideretin-biosynthetic genes in 54 sequenced plant species. For members of the Brassicaceae family, we performed shared synteny analysis by using Genome Browser 28 ( Supplementary  Fig. 17 ), and for more divergent species, we performed a reciprocalbest BLAST-hit search via the KEGG database 29 (Supplementary Dataset 1). In general, sideretin-pathway orthologs appeared to be widespread in eudicots, and we observed sporadic loss of all or part of the pathway in certain lineages (Fig. 4a ). Interestingly, whereas F6′H1 and S8H were found to be conserved in all Brassicaceae species analyzed, CYP82C4 was found to be independently lost in several members of this family. Furthermore, the basal angiosperm Amborella trichopoda contains a CYP82C4 ortholog as well as a single F6′H1/S8H-like ortholog. However, all pathway orthologs were conspicuously absent from graminaceous (strategy II) plants, thus suggesting that iron acquisition mediated by coumarins and phytosiderophores probably does not coexist in nature. Given these findings, coupled with the high sequence similarity of F6′H1 and S8H, we speculate that this pathway may have arisen early in angiosperm evolution, partly via a gene-duplication event that gave rise to the F6′H1-S8H paralog pair, but has been supplanted by alternative iron-mobilization strategies in various lineages.
To experimentally validate some of the conclusions drawn from the phylogenetic analysis, we profiled the root exudates of several plant species amenable to axenic growth in modified versions of our hydroponic platform under iron-abundant and iron-depleted conditions at pH 5.7. We first investigated whether loss of CYP82C4 in a member of the Brassicaceae family correlated with loss of sideretin production. To this end, we grew Brassica rapa and Eutrema salsugineum, which have retained and lost CYP82C4, respectively. Notably, E. salsugineum is an extremophile that preferentially inhabits alkaline salt flats 30 , unlike A. thaliana or B. rapa. As expected, B. rapa exuded sideretin under iron-depleted conditions, whereas E. salsugineum exuded a mixture of oxidized coumarins, primarily esculetin, isoscopoletin (8 ) , and various methylated isomers of 5,6,7-trihydroxycoumarin, but no quadruply oxidized coumarins such as sideretin ( Fig. 4b and Supplementary Fig. 18b ). At present, how these coumarins are biosynthesized in E. salsugineum is unclear. However, this finding does suggest that different chemical strategies-in this case, exudation of oxidized coumarins with specific iron binding and/or redox properties-probably evolved to fit different species' ecological requirements.
We further profiled four different eudicot species-Medicago sativa, N. benthamiana, Leucanthemum vulgare, and Papaver somniferum-for small-molecule exudation in response to iron deficiency. The choice of these species was motivated chiefly by the ease of obtaining seeds and cultivating seedlings in our hydroponic setup. Although none of these species are presently included in the KEGG database, thus precluding ortholog analysis, this group of species does sample widely divergent eudicot lineages (Fig. 4a ). We found that L. vulgare exuded sideretin ( Fig. 4b and Supplementary  Fig. 19a ), thus demonstrating that the complete biosynthetic pathway was in place before the divergence of the rosids and asterids approximately 125 Ma (ref. 31 ). In contrast, both M. sativa and N. benthamiana exuded lumichrome (9 ), the redox-active moiety of the flavin cofactors, as well as an oxidized derivative (10 ) whose structure is not entirely clear ( Fig. 4b and Supplementary Fig. 19b,c) . The exudation of modified riboflavins in response to iron deficiency has previously been demonstrated in Beta vulgaris 32 (which lacks S8H and CYP82C4 orthologs) and has recently been implied by transcriptomics analysis in Medicago truncatula 15 . Intriguingly, we also observed iron-deficiency-induced exudation of acetosyringone (11 ) by N. benthamiana and various flavonoids (12 , 13 ) by M. sativa ( Supplementary Fig. 19b,c) . These compounds do not possess obvious redox-active or iron-binding moieties but are known to mediate plant-microbe interactions 33 . Finally, we detected lawsone (14 ) in P. somniferum exudates ( Fig. 4b and Supplementary Fig. 19d ) as well as a carboxylated derivative (15 ) , which we suspect is produced via hydroxylation of 1,4-dihydroxy-2-naphthoic acid, a phylloquinone precursor that is ubiquitous in plants. Remarkably, lawsone possesses the same 1,2,4-trihydroxybenzene substitution pattern seen in sideretin, but on a naphthalene rather than a coumarin scaffold. Although we have not yet performed detailed biochemical characterization of these compounds, the finding that all tested eudicot species exuded redox-active and/or iron-binding molecules under iron deficiency suggests that this phenomenon may be a common and previously underappreciated feature of strategy I iron uptake.
Discussion
Although root exudation of compounds capable of binding and/or reducing iron in various strategy I plants was first observed over four decades ago 34, 35 , the relative importance of this phenomenon in iron mobilization and the underlying biochemical mechanisms have remained obscure. More recently, studies with A. thaliana have shown that the synthesis 19, 20 and export 18, 36 of coumarins is crucial for efficient iron uptake under iron-limiting conditions; however, these studies have not explained the mechanisms underlying this effect. Here, we identified a widely conserved pathway for the biosynthesis of catecholic coumarins in strategy I plants and demonstrated the biochemical basis for the role of these compounds in iron mobilization from soil (Fig. 5) .
The secretion of redox-active metabolites from plant roots is reminiscent of the small-molecule electron shuttles used by certain bacterial species for mineral reduction. For instance, phenazines produced by Pseudomonas are thought to contribute to iron Under iron-deficiency conditions, a branch of the phenylpropanoid pathway consisting of F6′H1, S8H, and CYP82C4 is strongly induced, thus leading to the synthesis of scopoletin and its conversion into redox-active fraxetin and sideretin. These molecules are found as glycosides in the root ( Supplementary Fig. 2 ) but are drawn as the aglycones for simplicity. Deglycosylation probably occurs as a step coupled to the export process. Secretion of oxygenated coumarins to the rhizosphere is mediated by the ATP-binding-cassette protein PDR9.
Sideretin is invariably the most abundant coumarin exuded by roots of irondeficient plants (and is shown as the sole secreted coumarin for simplicity), although at high pH, considerable amounts of esculetin and fraxetin can be detected in the root exudates. In the rhizosphere, the redox-active coumarins act in concert with other components of the strategy I ironacquisition machinery (AHA2, FRO2, and IRT1) by solubilizing and reducing iron from sparingly available sources. AHA2, Arabidopsis H + -ATPase 2 (At4g30190).
acquisition, whereas flavins serve as electron shuttles for anaerobic Shewanella, thus enhancing the rate of extracellular respiration of Fe(iii) 37, 38 . Although the reactivity of sideretin to light has made it difficult to probe whether a related mechanism of redox cycling occurs near plant roots, our findings are consistent with a role of sideretin in extracellular electron transport. It will be interesting to probe whether plant-derived catecholic coumarins act alone or instead link root-surface reductases to otherwise inaccessible pools of precipitated Fe(iii). Although our work should pave the way toward a deeper mechanistic understanding of the role of small molecules in iron mobilization, several unresolved questions remain. Specifically, the importance of CYP82C4-mediated conversion of fraxetin to sideretin is unclear, and to date we have been unable to find any beneficial phenotype for wild-type plants in comparison to cyp82C4 knockouts. We suspect that the unique redox capacity of sideretin and the marked preference for its production at low pH are relevant under certain conditions, which, however, may be difficult to capture experimentally. At high pH, the production of less-oxidized coumarins, such as fraxetin and esculetin, may be preferred simply because of their enhanced stability and ability to stably chelate Fe(iii), but the relative importance of chelation and reduction may be difficult to disentangle in vivo. Coumarins may also possibly mediate interactions with rhizosphere microbes, and fraxetin and sideretin may play different roles in such interactions.
Further, despite the wide conservation of the sideretin pathway in eudicots, numerous additional chemical strategies for iron mobilization apparently exist, and a broader search than the one undertaken here will probably reveal others. Future efforts will entail uncovering the biosynthesis of these additional molecules and clarifying the link between specific chemical strategies and iron-mobilization capacity under environmental conditions affecting iron bioavailability.
To date, most efforts in understanding soil iron-uptake limitations have focused on the role of soil pH but have ignored other potentially relevant factors such as interactions with soil organic matter or other metals such as Zn(ii) or Mn(ii), which are not redox active in soil but are also imported by IRT1. With a detailed biochemical understanding of the pathways involved, some of these problems can now be approached. Ultimately, we hope that this knowledge can be applied toward engineering crop varieties with enhanced iron acquisition capacity, thus enabling growth in otherwise unsuitable environments.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41589-018-0019-2.
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Chemical synthesis. Detailed chemical-synthesis procedures and compound characterization are described in the Supplementary Note.
Plant lines.
The following homozygous T-DNA-insertion lines from the SALK or SM collections or previously described lines were used in this study (all mutants were in the Col-0 background unless otherwise noted, with the locus of the affected gene indicated): f6′h1-1 (At3g13610, SALK_132418C); f6′h1-2 (At3g13610, SALK_050137C); s8h-1 (At3g12900, SM_3_27151); s8h-2 (At3g12900, SM_3_23443); cyp82C4-1 (At4g31940, SALK_001585); cyp82C4-2 (At4g31940, SM_3_25388); pdr9-2 (At3g53280, SALK_050885); fro2 (At1g01580 (ref. 39 )); and irt1 (At4g19690, in the Wassilewskija (Ws) background 40 ). Seeds for SM lines were obtained from the Nottingham Arabidopsis Stock Centre (NASC), irt1 seeds were a gift from C. Curie, and all other A. thaliana seeds were obtained from the Arabidopsis Biological Resource Center (ABRC). Zygosity was confirmed through standard PCR methods with primer sequences obtained from the SALK T-DNA primer tool (http://signal.salk.edu/tdnaprimers.2.html).
Seeds of E. salsugineum (≡ Thellungiella salsuginea) Shandong ecotype (CS22504) were obtained from ABRC. Seeds of Rapid Cycling B. rapa (stock no. 
Preparation of mass spectrometry liquid medium and agar plates. For plant metabolomics experiments, 1×
Murashige-Skoog (MS)-medium stock without iron was prepared from individual components according to the following recipe (all amounts are per liter of medium): sucrose, 5.0 g; potassium nitrate, 1.9 g; ammonium nitrate, 1.65 g; MES monohydrate, 0.5 g; calcium chloride dehydrate, 0.44 g; magnesium sulfate heptahydrate, 0.37 g; monopotassium phosphate, 0.17 g; myo-inositol, 0.1 g; disodium EDTA, 29.2 mg; manganese sulfate monohydrate, 16.9 mg; zinc sulfate heptahydrate, 8.6 mg; boric acid, 6.2 mg; glycine, 2.0 mg; potassium iodide, 0.83 mg; nicotinic acid, 0.5 mg; pyridoxine hydrochloride, 0.5 mg; sodium molybdate dehydrate, 0.25 mg; thiamine hydrochloride, 0.1 mg; cobalt chloride hexahydrate, 25.0 μ g; and copper chloride pentahydrate, 25.0 μ g.
For hydroponics experiments at pH 7.3, 0.5 g of HEPES was used instead of MES monohydrate in the above recipe, and the pH was adjusted to the desired value (5.7 or 7.3) with 2 M potassium hydroxide. Iron-free MS medium can be stored at room temperature in the dark for extended time periods. Iron was added as sterile 100 mM FeSO 4 solution immediately before use to avoid precipitation of iron phosphates.
Agar growth plates were prepared through the addition of agar (10 g/L) to 0.5 × MS medium without sucrose or MES/HEPES buffer. Iron was added as Fe(II) sulfate heptahydrate before autoclaving.
A. thaliana metabolomics growth conditions and sample harvest.
For a typical seedling metabolomics experiment, A. thaliana seeds were surface sterilized for 5 min in a 20% Clorox bleach solution with 0.1% Tween-20, washed three times with water, and stratified at 4 °C for 2 d before planting. Circular 'rafts' 3 cm in diameter were cut out from PTFE mesh with a 0.025 inch × 0.005 inch opening size (McMaster-Carr) and sterilized by autoclaving. 3 mL of standard MS medium (0.5% sucrose, 100 μ M sodium EDTA, and 5 mM MES, pH 5.7) containing either 100 μ M FeSO 4 (Fe-sufficient condition) or 10 μ M FeSO 4 (Fe-deficient condition) was added to the wells of a six-well plate (Corning), a PTFE mesh raft was placed on the medium surface in each well, and 16 seeds were individually placed in a square pattern on the surface of the raft with a pipette. The plates were sealed with microporous tape (EMD Millipore) and wrapped in aluminum foil to etiolate and thereby decrease wetting of aerial tissues. The plants were grown in a growth chamber under a 16-h light cycle (photon flux of 100 μ mol m -2 s -1 , 22 °C, 50% relative humidity); the aluminum foil was removed 3 d after planting. 8 d after planting, medium was removed from all wells and replaced with 3 mL of fresh medium containing either 100 μ M FeSO 4 (iron-sufficient condition) or no added FeSO 4 (irondeficient condition). After a further 4 d of growth, the roots were washed in water, and the roots, aerial tissues, and medium were harvested separately, transferred to preweighed (for tissue samples only) microcentrifuge tubes, and flash frozen before storage at -80 °C.
Growth conditions and tissue harvest for other plant species. The A. thaliana raft-growth protocol described above was modified to accommodate growth of numerous other species under iron deficiency. Various aspects of the protocolseed sterilization, stratification, etiolation times, growth-container size and medium amount, raft mesh size, amount of iron initially supplied, and total growth time-were adjusted to attain axenic growth resulting in observable differences in phenotype (specifically chlorosis) between the + Fe and -Fe conditions at the time of harvest. Specific details for all species are shown in Supplementary Table 1 . In all cases, for the + Fe control condition, the medium contained 100 μ M FeSO 4 and was also exchanged for fresh medium containing 100 μ M FeSO 4 at the times indicated in Supplementary Table 1 .
Tissue and medium extraction. Tissue and medium extraction were performed as described previously 41 , with the following modifications: 80:20 MeOH/H 2 O was used as the extraction solvent in all cases. For tissue extraction, 60-1000 μ L solvent per mg dry tissue was used; the exact ratio depended on tissue mass to obtain sufficient extract for analysis. For medium extraction, 1 mL of spent medium was lyophilized and resuspended in 100 μ L of solvent by brief vortexing followed by 5 min of sonication.
LC-MS analysis. LC-MS analysis was performed as described previously 41 except that 5-μ L injection volumes were used in all cases.
Transcriptomics data mining. All microarray datasets for transcriptome mining and analysis were obtained from the AtGenExpress series (stress-set data 42 Bioinformatics analysis. Shared synteny analysis for Brassicaceae species was performed and visualized with the UCSC Genome Browser at http://mustang.biol. mcgill.ca:8885/cgi-bin/hgGateway/.
To compile the list of putative sideretin-pathway enzyme orthologs, a 'bestbest' (reciprocal-best BLAST hit) ortholog search was initially performed by using the KEGG database (http://www.genome.jp/kegg/) with each of the three A. thaliana sideretin-pathway genes (At3g13610 (F6′H1), At3g12900 (S8H), and At4g31940 (CYP82C4)) against all plant species (discussion of this strategy in, e.g., ref. 44 ). The best-best search was iterated with each of the candidates identified in the initial search as well as any additional genes subsequently found, then used to generate a graph in which vertices represented genes, and edges represented best-best relationships. The (unique) highly connected subgraph containing the A. thaliana pathway gene defined the final set of putative orthologs (a subgraph with n vertices was considered 'highly connected' if the number of edges incident to each vertex was at least [n/2]+ 1. For the purpose of this analysis, an allowance for recent duplication events (which can obfuscate best-best ortholog relationships) was made by considering as orthologs sets of paralogous genes in a given species that collectively satisfied the connectivity criterion and moreover individually had at least three best-best hits in other species. KEGG identifiers for all putative orthologs, paralogs, and percentage amino acid sequence identities for reciprocal-best BLAST-hit relationships are listed in Supplementary Dataset 1.
Cloning of sideretin-pathway genes and enzyme purification. The CYP82C4 gene sequence was amplified from cDNA-bearing plasmid RAFL09-57-O03 (RIKEN resource no. pda08472) with the following primers and cloned into the pYeDP60 vector through standard methods (restriction sites in bold): CYP82C4_F (BamHI), 5′ -GTACTACTTAGGATCCATGGATAC TTCCCTCTTTT CTTTG-3′ and CYP82C4_R (EcoRI), 5′ -GATATCGTAGAATTCACACAAAAAGTTCT TCCTTAATACGTGG-3′ .
The cDNA clone was found to contain an insertion within a stretch of seven repeated T nucleotides (positions 726-732 within the coding sequence). This mutation was repaired via overlap-extension PCR with the following pair of complementary primers: CYP82C4_Repair_Fragment_2_F, 5′ -CCGACACTAAGTTT TTTTGATTTGCAAGGACA TGAGAAGGAG-3′ and CYP82C4_Repair_Fragment_1_R, 5′ -CTCCTTCTCATGTCC TTGCAAATCAAAAAA ACTTAGTGTCGG-3′ .
Yeast (strain WAT11) transformation with the pYeDP60-CYP82C4 construct and microsome isolation were performed as described previously 41 .
The coding sequence of S8H (At3g12900) was amplified directly from A. thaliana Col-0 genomic DNA by PCR with the following primers and was cloned into AgeI-and XmaI-digested pEAQ-HT vector 45 through Gibson assembly 46 , with the following primers: S8H_F, 5′ -GTATATTCTG CCCAAATTCGCGACCGGTATGG GTATCAATTTCGAGGACCAAA CCACA-3′ and S8H_+ 6xHis_R, 5′ -GTGATGGTGATG GTGATGCCCGGGCTCGGCA CGTGCGAAGTCGAGAGA TTTTTT-3′ .
Transformation of Agrobacterium tumefaciens GV3101, infiltration into N. benthamiana leaves, and attempted protein purification were performed as described previously 41 .
Enzyme assays with CYP82C4 microsomes. Enzymatic reactions were carried out at room temperature in 50 mM sodium phosphate buffer, pH 6.5. The reaction mix contained 100 μ M fraxetin, 1 mM NADPH, 2 mM Tris(2-carboxyethyl)phosphine (TCEP), and 5 mg/mL total microsomal protein. After 1 h of incubation, reactions were quenched by the addition of one volume of MeOH, precipitates were removed by centrifugation, and supernatants were analyzed by LC-MS.
Heterologous-pathway reconstitution in N. benthamiana. Sequences encoding sideretin-pathway genes were amplified from previously generated plasmids or from a cDNA library with the following primers (primers for S8H are listed above): F6′H1_pEAQ_F, 5′ -GTATATTCTGCC CAAATTCGCG ACCGGTATGG CTCCAACACTCT TGACAACCC-3′ and F6′H1_pEAQ_R, 5′ -GTGATGGTGA TGGTGATGCCCG GGGATCTTGGCGT AATCG ACGGT TTTC TTTC-3′ ; CYP82C4_pEAQ_F, 5′ -GTAT ATTC TGCC CAAA TTCG CGAC CGGT  ATGGAT ACTT CCCT CTTT TCT TTGT TTG TT-3′ and CYP82C4_pEAQ_R,  5′ -GTGATGG TGAT GGTG ATG CCCG CACA AAAAG TTCT TCCT TAAT  ACGTGG-3′ .
Amplicons were inserted into AgeI-and XmaI-digested pEAQ-HT vector through Gibson assembly 46 . Transformation of A. tumefaciens GV3101, infiltration into N. benthamiana leaves, and harvest 3 d after infiltration were carried out as described previously 41 .
N. benthamiana tissue was initially extracted and analyzed as described in 'Tissue and medium extraction' above, and 80:20 MeOH/H 2 O was used for extraction, without any treatment. In this case, sideretin-pathway products were detected exclusively as glucosides.
To enable direct quantification of oxidized coumarin aglycones, 100-μ L volumes of N. benthamiana tissue methanolic extracts were dried under argon and resuspended in 200 μ L of a 1 mg/mL solution of almond β -glucosidase (Sigma-Aldrich) in 100 mM sodium acetate buffer, pH 5.0, and incubated at 37 °C for 1 h. The reactions were subsequently frozen in liquid nitrogen, lyophilized, and resuspended in 200 μ L of 80:20 MeOH/H 2 O before LC-MS analysis. The tissue content of coumarin aglycones measured in this way was found to be in excellent agreement ( ± 5%) with the corresponding glucoside content measured in the untreated methanolic tissue extracts for those coumarins for which a glucoside standard was available (scopoletin, fraxetin, and esculetin), thus allowing us to estimate the ionizability of glucosylated sideretin.
UV-visible scanning kinetics with sideretin.
Hydrogen gas was bubbled through a 50 μ M solution of sideretin in 10 mM ammonium formate buffer, pH 3.0, in the presence of granular palladium with vigorous stirring to obtain the pure reduced form of sideretin. The solution was degassed, placed under argon, and transferred to a sealed quartz cuvette, which was immediately placed in an Agilent Cary 60 spectrophotometer. The cuvette was unsealed to expose the solution to air, and absorbance spectra (250-700 nm) were acquired for 6 h at 5-min intervals as the sideretin slowly oxidized.
Static in vitro iron mobilization. Iron-mobilization capacity was determined by incubation of different compounds with freshly prepared 0.1 mM iron hydroxide. The pH was adjusted to either 5.5 with MES or 7.2 with HEPES or NaHCO 3 . Coumarins, EDTA or methanol (mock) was added to iron hydroxide solution and incubated under constant shaking for 1 h. Solutions were then filtered through Chromafil CA-45/25 (0.45-µ m pore size) filters, and the iron contained in the filtrates was detected by sector-field high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS; ELEMENT 2, Thermo Fisher). Elemental standards were prepared from certified reference single standards from CPI International.
Spectrophotometric iron-reduction kinetics assays. Britton-Robinson (BR) buffer spanning the pH range 2-12 in increments of 1 pH unit was prepared as described previously 47 Cyclic voltammetry measurements. 1 mM solutions of fraxetin and sideretin were prepared in 50 mM phosphate buffer, pH 6.5, and cyclic voltammograms were acquired over a glassy carbon electrode at 25 °C with a CHI 760D electrochemical workstation (CH Instruments) with the following parameters: scan rate, 0.1 V/s; sample interval, 0.001 V; quiet time, 0; and sensitivity, 0.1 mA/V. Measurements were taken with an Ag/AgCl reference electrode (data shown in Supplementary  Fig. 12 ), corrected (+ 0.200 V) by comparison to a normal hydrogen electrode reference measurement (1 M HClO 4 ), and further corrected for pH (59 mV per pH unit; + 0.384 V) to yield values versus the standard hydrogen electrode (pH 0). The average of the two potentials at maximal current for each voltammogram was used to estimate the standard redox potential for each compound.
Coumarin light-sensitivity assay. 30 μ L of sterilized 1 mM coumarin (scopoletin, fraxetin, or sideretin) solution was added to 3 mL of MS medium, pH 5.7, containing 10 μ M FeSO 4 , and the medium samples were transferred to a six-well plate. The plates were incubated under standard hydroponic growth conditions described above; for the 'dark' condition, the plate was wrapped in aluminum foil for the duration of the experiment. Every 24 h, a 750-μ L sample was withdrawn from each well and analyzed by LC-MS as described above to determine remaining coumarin concentrations.
Phenotypic characterization in soil substrate. Seeds were germinated and cultivated on peat-based substrate. The pH of the substrate was either maintained at pH 5.6 or increased to pH 7.2 through supplementation with 5 g/kg CaCO 3 and 15 g/kg NaHCO 3 . Each insertion mutant was grown on substrate of pH 5.6 and pH 7.2 (n = four pots containing 15 plants per mutant and treatment) for 21 d. The pots were placed inside a conditioned growth chamber with a 22 °C/18 °C and 16-h/8-h light/dark regime at a light intensity of 120 µ mol photons m −2 s −1 .
Phenotypic characterization on agar plates. Seeds were surface sterilized with a solution containing 70% (v/v) ethanol and 0.05% (v/v) Triton X-100. Seeds were then sown on sterile plates containing half-strength Murashige and Skoog (MS) medium with 40 µ M Fe-EDTA, supplemented with 0.5% sucrose and 2.5 mM MES, pH 5.6, and solidified with 1% (w/v) Difco agar (Becton Dickinson). The plates were incubated at 4 °C for 2 d, then placed in a vertical position inside growth cabinets under a 22 °C/18 °C and 10/14-h light/dark regime, and the light intensity was adjusted to 120 µ mol photons m −2 s −1 . After 10 d, seedlings were transferred to new agar plates containing half-strength MS medium with variable iron availability and cultivated for another 6 d. Depending on the experiment (described in figure legends), plants were supplemented with 40 µ M Fe-EDTA or no external iron at pH 5.6 (2.5 mM MES buffer), or supplied with 20 µ M freshly prepared FeCl 3 at pH 5.6 (2.5 mM MES buffer) or pH 7.2 (2.5 mM HEPES buffer or 100 µ M NaHCO 3 ). In coumarin-resupply experiments, 150 µ M of various coumarins (dissolved in methanol) were supplied to solidified agar plates 6 h before plant transfer. Equivalent amounts of methanol (mock) and 150 µ M Fe-EDTA served as negative and positive controls, respectively, in these experiments. To avoid shoot contact with the exogenously supplied compounds, agar plates were split horizontally, and treatments were supplied only in the lower, root-containing compartment.
Shoot chlorophyll and iron quantification. Chlorophylls were extracted from whole shoots with N,N′ -dimethyl formamide (Merck) at 4 °C for 24 h. Absorption at 647 nm and 664 nm was then determined in the extracts with the protocol described by Porra et al. 48 . For iron measurements, whole shoot samples were dried for 48 h at 65 °C and digested with HNO 3 in polytetrafluoroethylene vials in a pressurized microwave digestion system (UltraCLAVE IV, MLS). Iron concentrations were analyzed through HR-ICP-MS (ELEMENT 2, Thermo Fisher). Element standards were prepared from certified reference standards from CPI International.
Generation of GUS-reporter lines.
The promoter sequences of S8H (2023 bp) and CYP82C4 (1151 bp) were amplified from genomic DNA of A. thaliana (accession Col-0) with the following primers: ggS8Hpro-for, 5′ -AAC AGGTC TCAAC CTGC AGAAC CGA AAT TAG TAC CG-3′ and ggS8Hpro-rev, 5′ -AACAGG TCTC ATGT TTCT CCA CACT TCTG CTTG AAAA-3′ ; ggCYP82C4pro-for, 5′ -AACAG GTCT CAAC CTGC TCT TTG TGG GCT TTT TGG AT-3′ and ggCYP82C4pro-rev, 5′ -AAC AGG TCT CAT GTT GAG AGT GCA GAAG AGAT GTGT GT-3′ .
The constructs proS8H:GUS, proCYP82C4:GUS, proS8H:3xGFP, and proCYP82C4:3xGFP were assembled in a pGREEN-IIS-based binary vector with the GreenGate method, as described previously 49 . The resulting plasmids were then transformed into A. tumefaciens strain GV3101 containing the helper plasmid pSOUP. Transformation into A. thaliana plants (Col-0) was performed through the floral dip method 50 . Positive transformants were selected on agar plates containing 10 µ g ml −1 phosphinothricin (proS8H:GUS and proCYP82C4:GUS), 50 µ g ml −1 hygromycin (proS8H:3xGFP), or 50 µ g ml −1 kanamycin (proCYP82C4:3xGFP).
Staining and imaging of GUS-reporter lines. Whole seedlings of proS8H:GUS or proCYP82C4:GUS were incubated in GUS staining solution (2 mM 5-bromo-4-chloro-3-indolyl-β-d-glucuronide, 1 mM K 3 Fe(CN) 6 , 1 mM K 4 Fe(CN) 6 ·3H 2 O, 10 mM Na 2 -EDTA, 0.1% Triton X-100, and 50 mM sodium phosphate, pH 7.0) at 37 °C for 6 h. Before imaging, samples were cleared with an ethanol series (30%, 50%, 70%, and 100%). The GUS-stained plants were examined under a microscope (Axio Imager 2, Zeiss), and digital images were captured with Zeiss AxioVision software (version LE 4.8.2.0). Ten seedlings per independent transgenic line (six independent lines per construct) and treatment were analyzed, and representative images are shown.
Confocal microscopy imaging of GFP-reporter lines. Confocal images of proS8H:3xGFP and proCYP82C4:3xGFP roots were acquired with an LSM 780 (Zeiss) laser scanning microscope equipped with a 10× /0.45 M27 objective. Before imaging, roots were stained with propidium iodide (10 µ g ml −1 ) for 10 min. GFPdependent fluorescence was detected by excitation at 488 nm with an argon laser and filtering of the emitted light at 536 nm. The 561-nm excitation and 648-nm emission lines were used to image the propidium iodide-derived fluorescence. ZEN software (Zeiss) was used for adjustments and image recording.
RT-PCR gene expression analysis.
Plants were grown axenically on agar plates, and total RNA was extracted from the roots of either iron-sufficient or irondeficient plants with a NucleoSpin RNA Plant kit (Macherey-Nagel) according to the manufacturer's instructions. The sample sizes used for all experiments (n = 3 to 6) provide sufficient resolving power to show statistical significance in an unpaired, 2-tailed t-test (p < 0.05) due to the low variance in the measured quantities (compound levels or, in Supplementary Figure 14 , biomass).
Data exclusions
Describe any data exclusions. Samples were excluded from data analysis only for the following reason: in hydroponic raft growth experiments with M. sativa and P. somniferum, overall seed germination efficiency was found to be low (40-60%), so that certain wells contained no or only a few seedlings. For consistency, only wells in which the germination efficiency was ≥75% were analyzed.
Replication
Describe whether the experimental findings were reliably reproduced.
All replication attempts were successful.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
All plant samples and controls were grown in the same flat on the same light shelf. For all LC-MS metabolomics analyses, the order of sample injection was randomized to eliminate any systematic drift over time (due to instrument sensitivity, potential sample degradation, etc.).
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
No blinding was performed. Control and experimental groups of plants were subjected to identical growth conditions in each experiment and only purely objective quantitative measures are reported in this study.
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Policy information about availability of computer code
Describe the software used to analyze the data in this study.
Microsoft Excel 2016, SigmaPlot 11.0, MestReNova 11.0, AxioVision LE 4.8.2.0, Zen 2.3
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
All materials readily available from authors, commercial sources, or seed bank repositories.
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species).
No antibodies were used in this study. c. Report whether the cell lines were tested for mycoplasma contamination.
No cell lines were used in this study.
d. If any of the cell lines used are listed in the database of commonly misidentified cell lines maintained by ICLAC, provide a scientific rationale for their use.
Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines
Description of research animals
Provide details on animals and/or animal-derived materials used in the study.
No research animals or animal-derived materials were used in this study.
